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a b s t r a c t

High density light detection and ranging (LIDAR) imaging has been shown to be able to define yield
stability areas of a field for multi-cropping. Since LIDAR imaging is expensive and not widely available, it
was hypothesized that medium resolution GPS elevation data which is commonly collected with variable
rate technology (VRT) controllers and crop yield monitors could be used in lieu of LIDAR imaging. If proven,
growers would be able to construct yield stability maps of their fields without the expense of obtaining
LIDAR imaging. After substituting medium resolution GPS elevation data derived from the crop yield
lobal positioning system
ight detection and ranging
recision agriculture
ield monitor
igital elevation map
patial analysis

monitors, the procedure developed for developing a crop yield stability map was invoked and tested.
The hypothesis that medium resolution GPS data could be used in lieu of LIDAR data was found to be
invalid as the map generated incorrectly identified both high yield and medium yield areas of the field as
low yielding areas as well as the inverse. While disappointing, high resolution GPS data from real-time
kinetics (RTK) systems is yet to be tested and may offer an additional avenue to developing crop yield
stability maps.
luster analysis
errain features

. Introduction

Crop stability patterns for a field have been shown to hold for
ulti-crops grown over several years using high density LIDAR

maging as the base map. The hypothesis tested in this paper is
hether medium density elevation data from GPS data collected

rom yield monitors is sufficient to generate topographical maps
or comparable use. This is the third paper in a series exploring
he use of digital elevation maps (DEMs) in concert with crop yield

aps to describe areas of yield stability in a commercial field. In
he first paper (McKinion et al., 2010), an analytical procedure
sing ESRI ARCGIS® (2009), ERDAS Imagine® (2009) and the SAS®

2008) statistical software packages to develop a map representing
reas of yield stability using five years of crop yield data of cot-
on and corn and a high density DEM generated from LIDAR flown
n a fixed wing aircraft (Huising and Pereira, 1998) was described.
rigged, normalized crop yield maps were used in this process. In

ater work (McKinion, personal communication), the analytical pro-

ess was shown to be improved via the addition of Krigged Veris®

pparent electrical conductivity data with both shallow and deep
pparent conductivities used. However, the Veris® data alone did
ot produce acceptable stability patterns. The final map produced

∗ Corresponding author. Tel.: +1 662 320 7449; fax: +1 662 320 7528.
E-mail address: james.mckinion@ars.usda.gov (J.M. McKinion).

168-1699/$ – see front matter. Published by Elsevier B.V.
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was a three-color map using manually supervised classification
selection by the five-year crop yield average. While LIDAR gener-
ated high density DEMs are becoming more available, they are not
ubiquitously available. Growers, however, who are using precision
agriculture do have access to GPS generated DEMs. This manuscript
focuses on whether GPS generated DEMs can be used in lieu of
LIDAR generated maps to produce corresponding yield stability
maps of a field.

2. Literature review

This is the third paper in a series which explores the hypothe-
sis that yield stability patterns exist in fields which, once identified
via the application of GIS, spatial analysis, and statistical method-
ologies, can be used by growers to optimize crop planning and
production on a management zone basis (McKinion et al., 2010).
Ping and Dobermann (2005) report that yield mapping is one of
the most widely used precision farming technologies. However, as
more and more yield monitors are used and multiple-years of data
are accumulated, there is an increasing need for robust data pro-
cessing and interpretation techniques. As pointed out by Kaspar

et al. (2003), the use of yield maps in decision making for the
next season is difficult due to problems of interpretation. Perma-
nent spatial factors that affect yield either directly or indirectly
are landscape position, terrain attributes, erosion class and soil
properties (Spomer and Piest, 1982; Stone et al., 1985; Jones et

dx.doi.org/10.1016/j.compag.2010.08.011
http://www.sciencedirect.com/science/journal/01681699
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l., 1989; Kravchenko and Bullock, 2000). Transient spatial factors
hich can affect yield in specific areas in one year but not every year

re insects, disease pathogens and planter or applicator malfunc-
ions. As a result, errors that occur in one year can obscure patterns
n yield maps (Kaspar et al., 2003). Ping and Dobermann (2005)
eport that although a single-year yield map is useful for poste-
ior interpretation of possible yield variation, it is of limited value
or strategic site-specific management over medium to long-term
eriods. Thus, maps from several years are needed to discern these
atterns. Digital Elevation Models (DEM) and Remote Sensing data
rovide information about the earth’s surface and can aid in deter-
ining characteristics of the landscape and the soil (Drysdale and
etternicht, 2003). In prior research, it was hypothesized that ter-

ain features of a field are significantly related to crop yield across
ears and crop species. If this hypothesis is verified, knowledge of
errain features can be used to improve management of the crop,
rrespective of crop species.

There are also economic and agronomic advantages in using soil
pparent conductivity (ECa) maps as a guide for making better man-
gement decisions. Veris Technologies (2009) makes a machine
hat collects both shallow and deep ECa data registered via GPS
o produce a conductivity map of a field. Research shows that soil
bsolute ECa changes as soil-water contents change, but the pat-
erns of a soil ECa map are constant from year to year. Soil properties

easured by ECa are relatively constant. Therefore, a single soil ECa
ap of a field is sufficient for many years (Farahani et al., 2009).
In McKinion et al. (2010) a methodology was developed to gen-

rate a classified yield map of a field with five crop years of data
rom corn and cotton crops which showed stability patterns based
n a high resolution (sub-meter accuracy) digital elevation map
DEM) from LIDAR data collected via fixed-wing aircraft flown at
000 meter altitude. In later work (McKinion, personal communica-
ion) it was shown how this yield stability map could be improved
ia the addition of both Veris® shallow and deep apparent con-
uctivity data from this same field. It also demonstrated how a
anually classified, three-color yield stability map could be devel-

ped for grower use showing yield areas with high, medium and
ow productivity. Farmers prefer experimental designs that pro-
ide data suitable for making farm management decisions that are
asy to plan, implement and harvest (Griffin et al., 2008). Thus, the
hoice to provide a simple three-color map showing three levels of
rop stability was made.

This research showed that, with the availability of high reso-
ution DEMs, multi-crop yield stability maps could be developed.
owever, many areas of the North America do not have access to
IDAR developed DEMS. Satellite imagery is much to general for
se; while GPS elevation maps (2–5 m accuracy) have been shown
o be not useful (Yao and Clark, 2000). Subscription correction ser-
ice for use with the satellite GPS system (Kumar and Moore, 2002)
an provide sub-meter correction capability (Omnistar, 2009), but
hese subscription services are unavailable for most of the world.

The hypothesis tested in this paper is whether grower’s who
ave only corrected (but not RTK) GPS elevation data (collected
ver several years via yield monitors or precision application equip-
ent) can substitute that information for a high resolution LIDAR

10 cm accuracy) in the methodology previously developed to gen-
rate a multi-crop yield stability map for a commercial field.

. Materials and methods
.1. Synopsis of procedures

A synopsis of the methodology developed for generating multi-
rop yield stability maps from McKinion et al. (2010) follows.
he Statistical Analysis System (SAS®) from the SAS Institute
ics in Agriculture 74 (2010) 244–249 245

(2009), ARCGIS® from ESRI Corp. (2009) and Imagine from ERDAS,
Inc (2009) were used this work. Fig. 1 is a flowchart of the
procedures used to help the reader to readily see the analysis pro-
cess.

A LIDAR DEM map of the Paul Good Farm (Headquarters 033◦

07′ 28.80′ ′ N 088◦ 29′ 46.58′ ′ W) was obtained. ARCGIS® was used to
extract Field 160 for this study. The Field 160 map was subsequently
used as the extraction layer to remove any areas outside of the
feature of this map. This step ensured that each and every map
added to the geodatabase had exactly the same area and that each
point or pixel would correspond exactly to the same point or pixels
develop in other maps. Field 160 map was then Krigged to generate
an elevation surface map. The next step was to extract the Krigged
map using the original Field 160 map. Maps of aspect, curvature and
slope were generated from the extracted, Kriged elevation map of
Field 160. These four maps will be subsequently called Elevation,
Aspect, Curvature and Slope.

Crop yield monitor maps for the years 2001 through 2005 were
collected on the Good Farm. In 2001, 2003 and 2004, cotton was
grown in Field 160. In 2002 and 2005, corn was grown. The yield
maps were first processed using ARCGIS® whereby Krigging was
applied to generate yield grid maps. The five maps were next
extracted using the Field 160 elevation map (small e). All nine of the
maps (five yield grid maps and maps of Elevation, Aspect, Curvature
and Slope) were exported from ARCGIS® and imported into Imag-
ine. Imagine was used to generate a data stack which consisted
of columns of easting, northing, five crop year yields, elevation,
aspect, curvature, and slope. Thus, a dataset was created in which
each point, or pixel, in the maps were uniquely identified by an
easting and northing location point. The coordinate system used
was a projected coordinate system in UTM in NAD1983 in Zone
16N.

This dataset was then exported as a .dbf file for importation into
SAS® for statistical analysis procedures. The first step was to con-
vert the yield data for cotton and corn into a normalized yield from
0 to 255 to prevent statistical abnormalities due to differing yield
ranges and to remove weather effects. The SAS® Fast-Cluster pro-
cedure was invoked with the five normalized yield columns and
the Elevation, Aspect, Curvature and Slope columns as the analysis
variables. Twenty clusters were specified to obtain a good range
to delineate transitions in the field and this column was added
to the dataset. Regression on the 20 clusters yielded a statistically
significant R2 with a Pr > F for <0.0001 in each case.

The new dataset, including the cluster data, was exported from
SAS® and imported into ARCGIS® where a new map was created
which showed Field 160, as represented by the cluster data. By
referring to the yield data as summarized by the SAS® Means Proc
by cluster, an interpretation could then be made.

The Veris® data were then added to the SAS® dataset after Krig-
ging and extracting map operations were performed in ARCGIS®

as outlined above. These maps were then exported to Imagine
to add the Veris® shallow and deep conductivity columns to the
dataset. After exporting to SAS®, a new FastCLuster analysis was
performed with the same variables as before, but with the Veris®

information also included. Detailed analysis showed that overall
variability explained by Proc GLM regression by cluster improved
by over 30%. Proc Means was again invoked by cluster and this time
the number of clusters was reduced manually from 20 clusters to
three clusters after examining yield breaks for the 20 cluster table.
The dataset which now included the Veris® data and the 20 cluster
numbers was then recoded down to 3 cluster numbers manually

using Microsoft Excel. After exporting to ARCGIS® a final three-
color map showing yield stability by high, medium and low yielding
areas was produced (Fig. 2). For those who need a more detailed
explanation of the procedures and the methodology developed, see
McKinion et al. (2010) (Fig. 3).
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Fig. 1. Flowchart of the analysis process to produce a yield stability map from five years of normalized crop yield data. Three different software systems were used in the
analysis. The boxes in yellow represent procedures executed in the ESRI ARCGIS system.
boxes in orange represent processes executed in the Statistical Analysis Sofware Institute
areas were generated. The 20-color yield map allows the observer to see fine details of t
practical application map for the grower to use. (For interpretation of the references to co

Fig. 2. Three-color map of Field 160 showing the three area of high yields (green),
medium yields (yellow) and low yields (red) using a high resolution (10 cm accuracy)
LIDAR map as the base digital elevation map for topology, Veris® shallow and deep
apparent conductivities, and krigged, normalized yields of three cotton crops and
two corn crops.
The box in green represents processes executed in the ERDAS Imagine system. The
SAS system. In the last two yellow boxes yield stability maps with 20 and 3 yield

ransition versus the topology of the field. The three-color map represents a more
lor in this figure legend, the reader is referred to the web version of the article.)

3.2. Application of GPS elevation data
Five crop years of yield data and one year of Veris® data were
collected at the Paul Good Farm. Each of these datasets possessed
an elevation component along with yield and easting and northing

Fig. 3. Digital elevation map of Field 160 created by first correcting the elevation
to the surface level and then averaging the five GPS elevation maps from the yield
monitor.
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were averaged to produce a single elevation map that attempted
to reduce the effects of yaw, pitch and roll of the GPS antenna as
the harvest equipment moved across the field and GPS errors (as
described by Yao and Clark (2000) and Kumar and Moore (2002)
ig. 4. Digital elevation map of Field 160 from a LIDAR image which has been
egraded to a 3 m by 3 m pixel resolution for use as the base map for topology.

ocation components. After creating an event layer of elevation for
ach of these, an elevation surface map was created by Krigging the
levation event layer and then extracting the elevation surface map
ia the Field 160 event layer as described above. For simplicity these
levation surface maps were named CYR1 Elev through CYR5 Elev
nd Veris Elev. Because the high density LIDAR map represents
he surface of the field at ground level (actually at an elevation
bove the ellipsoid), the newly created surface elevation maps
eed to be corrected. This correction includes not only an elevation
bove the ellipsoid but the height of the receiving antennas (located
pproximately 3 m above the ground level for the harvesting equip-
ent and 2 m above ground level for the Veris® equipment).

he elevation surface maps were corrected using SAS® by sub-
racting the appropriate elevation correction factor from each
ixel value.

The five crop elevation maps were averaged using SAS® to create
single crop GPS elevation map called GPS5 Elev (3). This map was

hen compared to the LIDAR surface elevation map (Fig. 4) using
RCGIS® to subtract the LIDAR map from GPS5 Elev on a pixel by
ixel basis producing the difference map GPS5 Diff shown in Fig. 5.
he five crop elevation surface maps were averaged with the Veris®

urface elevation map to produce the final surface elevation map
alled GPSV Elev shown in Fig. 6. This map was compared to the
IDAR map as above via subtraction to produce the difference map
hown in Fig. 7.

The next procedure was to produce aspect, curvature and slope
aps using the GPSV Elev map as the basis. The three surface
aps thus created were named GPSV Asp, GPSV Cur and GPSV Slp.

hese maps were then exported to Imagine to be added to the
tacked dataset as additional columns of data. After exporting the
ataset (named GPSV Final) the SAS® PROC FastCluster algorithm
as invoked to generate a new dataset with 20 clusters using the
ve columns of normalized crop yields, the four new columns of
opology data named GPSV Elev, GPSV Asp, GPSV Cur and GPSV Slp
nd the original Veris® shallow and deep apparent conductivities.
pplying PROC Mean by cluster generated data shown in Table 1.

rom Table 1, the final color map shown in Fig. 8 was generated
after manually reducing the cluster numbers from 20 down to
hree as described above).
Fig. 5. Difference map created by subtracting the GPS map in Fig. 2 from the LIDAR
map in Fig. 3.

4. Analysis of results

High density LIDAR data was used to produce the map in Fig. 2.
The pixel representation is actually a degradation of the 10 cm accu-
racy of the original DEM aggregated up to a 3 m by 3 m pixel to
correspond to the yield maps generated by corrected GPS-based
yield monitors. The three-color map representing yield stability
areas which are high, medium and low production areas is well-
defined and statistically valid.

The elevation data which was used to generate Fig. 8 was devel-
oped from corrected GPS-based yield monitors and Veris® soil
conductivity equipment. These data were also corrected to pro-
duce the elevation data at the surface of the field. The six datasets
Fig. 6. Digital elevation map created by using the five GPS elevation maps from the
yield monitor the GPS elevation map from the Veris machine, correcting to surface
elevation and averaging the six maps.
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Fig. 8. Yield stability map created from the GPS base elevation map in Fig. 6 after
developing aspect, curvature, and slope maps and applying the methodology out-
lined in the paper using the five normalized crop years of yield data and the Veris
shallow and deep apparent conductivities. While many areas of the map are similar
to the map in Fig. 1, large numbers of pixels misidentify all three categories of high,
ig. 7. Difference map created by subtracting the GPS map in Fig. 5 from the LIDAR
ap in Fig. 3.

ue to atmospheric aberrations and the dilution of precision and
eometric dilution of precision of the GPS signals).

The difference maps shown in Figs. 5 and 7 indicate that the
eight correction and the Omnistar correction for the averaged
ataset prove to be fairly accurate, but the appearance of the stri-
tions in the maps is problematic. Striation could originate from
he north–south direction of travel of the harvest equipment in the
eld, particularly in the areas of the field where two harvesters were
sed in parallel, one with yield monitor and the other without.
Comparing the highly organized elevation map produced by
IDAR data show in Fig. 4 with the GPSV Elev map show in Fig. 5
gain illustrates the striation in Fig. 6 versus Fig. 4. Even so, there
as still sufficient organization in the GPSV Elev surface map such

able 1
asis for reducing 20 yield cluster groups down to 3 cluster groups. The upper group

s the high yielding areas. The middle group separated by the heavy horizontal lines
s the medium yielding areas, and the lower group is the low yielding areas of Field
60. Each observation point (or pixel) represents a 3 m by 3 m ground area. The
ields are normalized over the range of 0–255, so that cotton and corn yields could
e statistically analyzed together. The presence of a significant break in yield average
as used as the determining factor for the three classes of yield.

Cluster number Number of
observations

5 year average
yield

4 2186 166.2
6 1009 163.3

11 1993 159.1
2 777 146.3

13 1140 144.3
12 536 143.2

5 5790 142.1
8 25,053 141.1
1 847 136.4

19 635 136.3
3 6412 128.7

14 1299 126.9
7 2238 106.4

10 257 105.3
15 5302 104.3
17 2540 101.6
18 741 100.4
16 705 99.6
20 4495 97.7

9 956 88.5
medium and low yielding stability areas. The striations in this final map apparently
derive from the lower quality of base map used to generate topographical features
used in the analysis making this approach unacceptable for developing yield stability
maps.

that the procedure could potentially be used with corrected GPS
elevation data for favorable deployment.

Comparing the stability map (generated by LIDAR data com-
bined with several years of yield data and Veris® conductivity
information shown in Fig. 2) with the map generated from GPS ele-
vation data, it was concluded that the GPS elevation data were not of
sufficient quality nor dense enough to produce a usable yield stabil-
ity map. The path of the harvest equipment with the yield monitor
in Field 160 was predominantly in the north–south directions. This
pattern could have contributed to striations in the topology maps.
The map in Fig. 8, identifies some areas which are the same as the
map in Fig. 2; however, it misidentifies many areas of the field
in all three categories of high, medium, and low yield and is very
different from the yield stability map developed using the high den-
sity, more accurate LIDAR DEM. The map produced using GPS data
from the harvester is not of sufficient quality to be used for making
management decisions.

5. Discussion

The use of LIDAR elevation data from a single LIDAR map of Field
160 proved to be sufficient in terms of not only resolution but also in
terms of accuracy to be able to produce a crop yield stability map
that is statistically valid (McKinion et al., 2010). Medium resolu-
tion GPS data was collected from five years of crop yield monitors
and from one year of data from a Veris apparent soil conductiv-
ity machine. The antenna for the crop yield monitor was mounted
on top of the harvesting machine and this was the point at which
crop elevation data was recorded. An attempt to correct for the
difference in elevation of the antenna and the soil elevation was
made. Similarly, the antenna for the Veris machine recorded the
elevation at the height of the Veris machine antenna and a simi-

lar correct procedure was invoked. Two harvesters were used, one
with a yield monitor and one without. The eastern part of Field 160
was harvested completely with the harvester with the yield moni-
tor, approximately 50%. Similarly, only the eastern half of Field 160
was traversed with the Veris machine collecting data from every



lectron

f
t
m
k
t
w
e
d
d
s
a
p
f
w
t
e
F
b
t
b
r
o
m
n
t
t
b
fi
s

6

w
a
o
d
e
v
d
b
a

J.M. McKinion et al. / Computers and E

our rows contiguously. As the yield monitor and the Veris machine
raversed the field, the antenna was subject to yaw, pitch and roll

ovements which were recorded in the elevation data. We first
rigged the elevation data on a year by year basis and also krigged
he Veris elevation data to create surface maps. These surface maps
ere then corrected for the antenna elevation to arrive at the soil

levation. By averaging the five years of krigged, corrected elevation
ata with the single year of the Veris krigged, corrected elevation
ata as shown in Fig. 6, an attempt was made to not only compen-
ate for yaw, pitch and roll errors in the antenna movement but
lso to allow for non-contiguous yield monitor and Veris machine
aths in parts of Field 160. At this point the procedure developed
or LIDAR elevation data was invoked and a crop yield stability map
as produced as shown in Fig. 8. Even though the statistics showed

hat the clustered yield data points were significant, the resulting
levation map was very noisy and showed striations in each part of
ield 160 which were not present in the elevation map produced
y LIDAR measurements. Averaging should have reduced some of
he noise in the elevation signals, but the elevation map produced
y GPS does not appear to be of sufficient quality to generate a
eliable crop stability map. While parts of Field 160 were contigu-
usly sampled with the yield monitor and with the Veris machine,
isidentification of high, medium and low yield areas appeared

ot only in the non-contiguous sample areas but also in the con-
iguous areas, indicating that the density of sampling paths was not
he principle fault for misidentification. The conclusion then must
e that the medium resolution GPS elevation data were not of suf-
cient resolution and accuracy needed to produce the crop yield
tability map.

. Conclusions

Methodology was developed using GIS and image analysis soft-
are in conjunction with statistical analysis software to identify

reas of yield stability in a commercial field growing multi-crops
ver time. This methodology was based on the availability of a high
ensity LIDAR digital elevation map of the field. The hypothesis

xplored in this manuscript evaluated whether corrected GPS ele-
ation data collected by harvesters could substituted for the LIDAR
ata in the procedure and be able to produce similar, usable sta-
ility maps. The same crop yield data and the same Veris shallow
nd deep apparent conductivities were used in this analysis. The
ics in Agriculture 74 (2010) 244–249 249

same procedure was applied to create elevation, aspect, curvature
and slope topology maps from the GPS elevation data used in the
analysis. The yield stability map produced from GPS data was very
different and conflicted with the LIDAR based analysis. It was con-
cluded that harvester GPS data is not suitable for producing high
quality yield stability maps using this methodology. An open ques-
tion is whether the more accurate real time kinetics (RTK) elevation
data could be used with this methodology to develop usable yield
stability maps.
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